The population structure of thermo-and mesophilic biogas reactors digesting maize silage as the sole substrate was investigated employing a novel, highly degenerated PCR-primer pair targeting mcrA/mrtA coding for the key enzyme of methanogens. No sequence affiliating with Methanococcales, Methanopyrales, ANME-, rice or fen soil clusters was detected. Direct MeA PCR-cloning results indicated that Methanobacteriales were the most important methanogens in the thermophilic reactors. 57% and 80% of the analysed sequences affiliated with this order, 14%
INTRODUCTION
With the perception that energy production from biogas can help to mitigate greenhouse gas emmissions and reduce dissipation of fossil energy carriers, and be lucrative at the same time, biogas production from renewable resources has gained major attraction worldwide-particularly in the last decade in Germany. The number of and research on biogas plants run with renewable resources has hence enormously increased, in particular in the agricultural sector. Several agricultural biogas plants are meanwhile mono-or co-digesting energy-rich crops or products such as maize and grass silages to improve methane and energy yield.
The process, being carried out completely by microbial food chains and syntrophic associations, offers a huge potential in engineering microbial factors for process and management optimization, but knowledge of the qualitative and quantitative composition of the microbial populations and their interactions is very scarce and mainly confined to findings for anaerobic wastewater and biowaste treatment.
Recently, the microbial community of a biogas reactor fed with fodder beet silage was studied by Klocke et al. (2007) , and Rastogi et al. (2008) phylum. In addition, the phylogenetic resolution obtained with rrs/rRNA typically is only at the genus level. A suitable PCR-alternative is to probe the key enzyme of methanogenesis, methyl-coenzyme M reductase, which allows functional assessment (methanogenesis) and provides a higher phylogenetic resolution than rrs. It has been demonstrated in several studies that the respective gene mcrA (and mrtA for its isoenzyme) and rrs result in identical topologies in phylogenetic analyses (e.g. Luton et al. 2002) and therefore allows to infer phylogeny.
However, older mcrA/mrtA primers were designed on the basis of a very limited number of databank entries potentially producing biased results, or are rather short and may not provide the desired specificity. A satisfactory number of databank entries for mcrA/mrtA is meanwhile available, and sequence analyses revealed a huge diversity of methanogens and the existence of hitherto unknown groups such as the rice, fen soil and ANME clusters.
Therefore we developed a novel mcrA/mrtA targeted primer pair for all methanogens known until now, tested the primers with reference methanogens and DNA extracts from biogas fermenters fed with maize silage and operated at different conditions, and determined the dominant residing methanogens in order to assess their functional importance in certain processes and process stages. Two approaches were chosen to assess dominant methanogens, 
DNA extraction
DNA was extracted from the fermenters essentially as described by Lebuhn et al. (2003 Lebuhn et al. ( , 2004 . In brief, 100 mL of each fermenter sample was homogenized for 1 min using a sterilized Ultraturrax. 30 mL homogenate was suspended in 1 mL 0.85% KCl and washed twice (centrifugation at 15,000 g for 1 min). The sediment was filled up with KCl to a final 
PCR-single-strand conformation polymorphism
For profiling methanogenic archaeal communities in different biogas reactor samples (listed in Figure 2 ) by PCRsingle-strand conformation polymorphism (PCR-SSCP), a touchdown PCR protocol with highly degenerated primers for the mcrA/mrtA genes was optimized. The primers were designed to match specifically all mcrA/mrtA entries in GenBank, and successfully evaluated by BLAST and FASTA nucleotide release searches and PCR analyses with representatives of all orders of methanogenic Archaea.
PCR was performed in an Applied Biosystems 5700
SDS system in a total volume of 100 mL with 0.5 U Accu
AccuPrimeY Taq DNA Polymerase (Invitrogen), 3.5 mM Double-stranded PCR products were digested with 5 U lambda exonuclease for 1 h at 378C (Dohrmann & Tebbe 2004) .
The digestion was stopped using the MinElute PCR purification Kit (Qiagen). 8 mL SSCP loading buffer was added to 10 mL eluate. Purified single-stranded (ss) DNA was denaturated for 2 min at 958C and immediately cooled on ice. 10 mL ss-DNA was loaded on a native, temperature controlled vertical polyacrylamide gel for SSCP electrophoresis (40% MDE-gels, Cambrex) run with 1 £ TBE buffer. A standard ss-DNA mixture of different bacteria served as control ladder. Gels were casted in a PerfectBlue Dual Gel System L (PeqLab) using 0.4 mm spacers and combs. 66.5 ng ss-DNA was added to each lane of the SSCP gel. Gels were electrophoresed for 24 h at 400 V and 208C, silver stained according to Bassam et al. (1991) and dried at room teperature.
For cloning and sequence determination, bands were cut from the gels with a sterile, DNA free scalpel. DNA was recoverd by the crush and soak procedure (Peters et al. 2000) , forever). PCR products were purified (DNA Purification Kit, Qiagen), and inserts checked for correct length on agarose gels were sequenced (Sequiserve, Germany).
Direct PCR cloning
In a parallel approach, extracted DNA of 4 samples from thermophilic and mesophilic fermenters (Table 1 ) was amplified using MeA-i primers and the corresponding PCR protocol described above. Amplicons were cloned (TOPO-TA w cloning kit) and checked for correctly sized inserts as described above. Purified amplicons (correct length) were sequenced by Sequiserve (Germany).
Sequence analysis
GenBank entries for mrcA and mrtA genes (currently ca.
2,000) were aligned using MEGA3.1 (Kumar et al. 2004) .
Obvious sequencing or editing errors (e.g. inserted or missing nucleotides which would result in frame shift) were corrected.
Sequences obtained in this study were added to the alignment 
RESULTS AND DISCUSSION
Performance of MeA-primers and separation of amplicons from biogas reactors Initially we planned to separate amplicons from the reactors by DGGE as applied in a previous study on
Ochrobactrum strains (Lebuhn et al. 2006) , since this technique allowed the separation of ITS1 sequences.
However, some mcrA/mrtA amplicons from some references and particularly from reactor extracts produced highly smeared lanes (not shown). Melting profile analyses (not shown) indicated that smearing can partly be due to significantly different melting domains of the amplicons (not shown). Smearing could not be avoided by primer modification. We evaluated SSCP instead for our purpose and found it much more suitable, although most bands were not sharp (Figure 2 ), most probably due to the very high degeneracy of the MeA primers and variable strand folding. Bands from reactors that were not fed for recovery after acidification and produced only little biogas were very weak in relation to the profiles before the havaries and after recovery (Figure 2 ), although spectrometry suggested that 65.5 g ss-DNA was added equally to all wells. The obviously low activity (and probably presence) of methanogens might explain weak mcrA/mrtA bands, but this should have been compensated by the adjustment of amplicon concentration.
SSCP banding pattern was different between thermophilic
We assume that the ratio of true mcrA/mrtA amplicons in the pool of compounds in the PCR products absorbing as ds-DNA was lower in these samples.
Direct PCR cloning
The composition of the methanogenic biocenoses was (Table 1) . Besides methodological differences a reason can be the increase in acetate concentration from ca. 5 to 8.5 mM (Lebuhn et al. 2008 ) that may favour methanosarcinae.
Anyway, the high representation of Methanobacteriales and Methanosarcinaceae sequences in the thermophilic reactors digesting maize silage was astonishing, and to our knowledge not reported before. Cultivated Methanomicrobiales can only and Methanosarcinaceae optionally convert H 2 and CO 2 to methane, suggesting that a close association with syntrophic bacteria was important in these digesters. The same conclusion can be drawn from the predominance of Methanomicrobiales (also obligate hydrogenotrophs) in the mesophilic reactors. Similar results have also been obtained in previous work, e.g. by Klocke et al. (2007) , on the composition of methanogens in a fodder beet silage digesting reactor.
In direct MeA-PCR cloning, no sequence affiliating with
Methanosaetaceae was found, and only a single sequence clustering with M. concilii was recovered in analysis of SSCP bands. This can be explained by the fact that acetate was always much higher than 1 mM in the fermenters (Lebuhn et al. 2008) . Methanosarcinae appear to outcompete methanosaetae at higher acetate concentrations (Jetten et al. 1992 
